Abstract -The role of symmetry adaptation techniques in multi-photon spectroscopy of partly-filled shell ions in crystals is briefly reviewed. This leads to an intensity formula which is discussed from a qualitative point of view.
INTRODUCTION
In recent years, electronic spectroscopy of transition ions (transitionmetal ions and rare-earth ions) in crystalline environments has been the object of important developments. In particular, the advent of tunable dye lasers has made possible to perform two-photon spectroscopy experiments. (In p-photon spectroscopy, p photons simultaneously occur in the light-matter interaction. For example, p-photon absorption spectroscopy corresponds to the simultaneous absorption of p photons between an initial and a final level and has to be distinguished from the sequential absorption of p photons between the two levels.) Two-photon spectroscopy (p = 2) with laser beams is now a technique complementary of one-photon spectroscopy (p = 1). It gives many informations on the structural (and dynamical) properties of ions in crystals. More specifically, two-photon spectroscopy permits to reach excited levels which cannot be reached with one-photon spectroscopy. In addition, by playing with the polarization of the two involved photons, one may obtain interesting selection rules. Similar interests exist in principle for p-photon spectroscopy with p > 2 although experiments are hardly feasible (except for ions in vapors) when
Since the pioneer works by Kaiser and Garrett [1] and Axe [2] in the sixties, there have been many progress, from an experimental and a theoretical viewpoint, in two-photon spectroscopy of d N and f N ions in crys-tals. From the theoretical side, the progress have been achieved, for both parity-allowed and parity-forbidden transitions, in two directions: (i) the elaboration of more and more sophisticated models and (ii) the systematic use of symmetry considerations [3 -20] based on symmetry adaptation techniques [21, 22] . In the present paper, we shall be concerned mainly with point (ii). More specifically, we shall give a brief review on the use of symmetry considerations, in conjunction with sophisticated models, for the description of electric-dipole two-photon transitions. A more detailed exposure may be found in [9, 10, 12, 13] for parity-forbidden transitions and in [11 -13] for parity-allowed transitions (see also Ref. [23] ).
For the sake of generality, we shall give the relevant intensity formulas for p-photon (electric-dipole) transitions. The case p = 2 shall follow as a particular case.
INTENSITY FORMULA
The electric-dipole moment is an odd operator. Therefore, for p arbitrary, parity-allowed transitions correspond to either nℓ From recoupling techniques, it can be shown that (under the abovementioned hypotheses) the transition matrix element
given by
where H eff is a model-dependent effective operator. The most general form of H eff turns out to be
where ( . ) is a scalar product involving electronic (W
) and nonelectronic (P (k p−1 ) and X (t) ) tensors. In Eq. (2), P (k p−1 ) is the polarization tensor
that describes the coupling of the unit polarization vectors
are tensors relative to the ion and its environment:
is the ligand polarization tensor or the crystal-field tensor (of the degree t). Finally, the expansion coefficients C in (2) are calculable in an ab initio way.
The matrix element (1) can be easily calculated by using WignerRacah calculus (i.e., irreducible tensor methods) for a chain of groups
as developed in Refs. [21, 22] . The quantity of importance for a comparison between theory and experiment is the intensity strength It is remarkable that the structural form of (5) holds for both parityallowed and parity-forbidden transitions. This forms (actually based on group theory) also holds when some of the absorbed photons are replaced by scattered photons (Raman or Rayleigh scattering). The general form of (5) is also valid for other multi-photon processes, as for example the simultaneous absorption of several photons, certain by electric-dipole absorption and others by magnetic-dipole and/or electric-quadrupole absorption. Note also that vibronic degrees of freedom may be incorporated in (5) (see Ref. [14] ).
CLOSING REMARKS
The intensity parameters I may be calculated from first principles.
This leads to a very much involved quantum chemistry problem. Alternatively, they may be considered, at least in a first approach, as phenomenological parameters to be adjusted on experimental data. It may be also interesting to combine the ab initio and phenomenological approaches. In all approaches the number of I parameters is limited by a set of properties and selection rules [10 -13] .
Once the number of independent parameters I in the intensity formula (5) has been determined, we can obtain the polarization dependence of the intensity strength S i(Γ)→f (Γ ′ ) by calculating the tensor products
a ′′ Γ ′′ γ ′′ (with K = k p−1 , ℓ p−1 and a ′′ = r, s) occurring in Eq. (5) . For this purpose, we use the development
in terms of the spherical components P (K)
Q , the coefficients in the development (6) being reduction coefficients for the chain O(3) ⊃ G. Then, in order to calculate P (K) Q , we use developments of the type
in terms of the spherical components (E i ) 
